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Using dairy ingredients to produce
edible films and biodegradable
packaging materials
P. M. Tomasula, United States Department of Agriculture, USA

Abstract: Major food retailers and consumers are concerned about the waste that
packaging generates and the scarce natural resources and energy used in its
manufacture. Edible films and coatings made from food-grade proteins and
carbohydrates are an untapped source of renewable material that, while
compostable and biodegradable, can also be consumed with the food product.
This chapter focuses on films and coatings made from dairy proteins with an
emphasis on those based on casein and whey, the major proteins found in milk,
and the research efforts that have been undertaken to improve their mechanical
and barrier properties.

Key words: edible films and coatings, packaging, renewable materials, dairy
proteins, casein, whey, barrier properties.

23.1 Introduction

23.1.1 Food packaging films
In an effort to reduce food packaging waste, manufacturers are turning
their attention to renewable materials to replace petroleum-based packag-
ing films. Edible films and coatings made from food-grade proteins and
carbohydrates are an untapped source of renewable material that, while
compostable and biodegradable, can also be consumed with the food
product. This chapter focuses on edible films and coatings made from dairy
proteins with an emphasis on those based on casein and whey, the major
proteins found in milk, and the research efforts that have been undertaken
to improve their mechanical and barrier properties so that they may be
used in a variety of applications.
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23.1.2 Edible films and coatings
Edible protein-based films are usually formed as free-standing thin sheets,
while edible coatings are thin films formed directly on the food product.
Edible films have the potential for use as food wrapping, or as part of the
food itself, to extend its shelf-life and enhance its properties. Edible films
and coatings also have the potential to replace one or more polymeric film
layers in multilayer packaging systems, being placed next to the food to
protect it from contact with the polymeric packaging or to facilitate
recycling.

Inedible films and coatings, the protein functions as the foundation and
matrix of the film. Most films or coatings made from proteins are strong,
but are brittle and not crease resistant, have limited ability to elongate or
stretch, and swell or dissolve under humid conditions. Most are excellent
oxygen barriers,

Besides being biodegradable and compostable, edible films or coatings
based on proteins are desirable because they also offer a lucrative outlet
for surplus agricultural materials. Edible films or coatings may be used to
inhibit migration between components in foods, to evenly distribute food
ingredients and additives throughout a food product, to modify the appear-
ance of foods, and to improve the mechanical integrity and handling char-
acteristics of foods, They also may be used as mass transfer barriers between
the food and the dnvironment, controlling transfer of moisture, oxygen;
carbon dioxide, and aromas (Kester and Fennema, 1986). Edible films and
coatings are not a replacement for synthetic packaging materials for.pro-
longed storage of food but are to be used to improve food quality, extend
shelf-life and possibly improve the efficiency of packaging materials (Kester
and Fennetha; 1986). The films may also carry antimicrobials and be used
at the surface of foods to prevent bacterial giowth. They may alo be
formed into pouches or bags for individual or small portions of food, or
used for microencapsulation of food ingredients to control their addition
and release into foods (Robertson, 1993).

23.2 The milk proteins used for film formation

23.2.1 Casein and caseinate films
Casein and whey are the major milk proteins, with casein comprising
approximately 80% of the milk proteins. Casein exists as a micelle in milk
and is comprised of the amphipathic as 2 -, as,-, I- and t-caseins in the ratio
of 40:10:35:12. The caseins are bound by calcium-phosphate linkages, as1-,
as2- and 13-caseins are within the hydrophobic core of the micelle and are
calcium sensitive, while ic-casein is distributed over the micelle, stabilizing
it through steno stabilization.

asr and 3-casein do not contain cysteine residues and, unlike the whey
proteins, the caseins do not form disulfide bonds. Because of a large number 	 I
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of praline residues, casein assumes a random-coil structure. Its loose, open
structure, which exposes the hydrophobic groups, is sensitive to environ-
mental changes, such as pH changes or changes in temperature, which are
exploited to precipitate casein from milk.

Casein may be precipitated from milk by (i) enzyme treatment with
chymosin or rennet, as in cheese making, to make para-ic-casein, more
popularly known as rennet casein; (ii) through the action of lactic acid
bacteria, to make lactic acid casein; or (iii) by addition of acids to make
acid casein. In rennet casein production, rennet cleaves the Phe (105)-Met
(106) linkage of ic-casein, destabilizing the micelle. Para-ic-casein remains
with the micelle and is hydrophobic. The rest of the peptide, known as
casein macropeptide, is hydrophilic and is no longer part of the micelle.
The casein micelles aggregate due to hydrophobic interactions and are
usually heated to about 40°C to firm the precipitated curd. The calcium 	 - -

(Ca) content of the resulting curd ranges from 2.6 to 3.0% and the pH of
the curd is 73 to 7.7 (Southward and Walker, 1980). Rennet casein is

insoluble in water.
Acid casein may be produced either through the addition of lactic acid

bacteria, which lowers the pH of milk to 4.6 after an incubation period of
14 to 16 hours (Southward and Walker, 1980), or by the addition of a
mineral acid such as HO or H2SO4 until the pH of milk is 4.6. As pH of
milk is lowered from pH 6.7 to 5.4 during acid casein production, the inter-
nal Ca-phosphate linkages stabilizing the micelle are solubilized into the
whey. Destabilization of the micelle begins. As pH is decreased further, the
surface of the micelle, which is negative, is neutralized and aggregation
begins because of hydrophobic interactions. The resulting acid curd is
heated to 40°C to firm the curd, The Ca content of acid casein is approxi-
mately 0.1% (Southward and Walker, 1980). Acid caseins are insoluble in

water.
Because .acid and rennet caseins are insoluble in water, they are con-

verted to water soluble forms to make films. Acid caseins are reacted with
bases to form the water soluble caseinates. The most common caseinates
are calcium caseinates (CaCAS) and sodium caseinates'(NaCAS), which
ate the products of the reaction of acid casein with either Ca(OH)2 or

NaOH, respectively. The micellar structure of casein is not restored upon
addition of the base. The Ca content of CaCAS is approximately 1.3% and
the Na content of NaCAS ranges from approximately 1.2 to 1.4%. The
random coil nature of the caseinates and their ability to form hydrogen,
electrostatic and hydrophobic bonds makes them excellent film and coating
formers (Avena-Bustillos and Krochta, 1993). The caseinates show good
adhesion to different substrates due to their high amount of polar groups
and their hydrophilicity makes them excellent barriers to substances such
as oxygen, carbon dioxide, and aromas (Audic et al., 2003). However, their
hydrophilic nature makes them a weak barrier to moisture. Much of the
research on edible casein films to date is directed at improving their water
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vapor barrier properties. The caseinates can also participate in enzymatic
and chemical reactions to modify their properties for food or nonfood use
(Li Chan, 2004; Audic et aL, 2003; Santos a al., 1999; Santos and .Tomasula,
2000) but these types of modifications have rarely been explored to modify
the properties of edible films. Alsà, the film forming properties of the indi-
vidual caseins such as asi-casein and 3-casein, which are less commercially
available, have been studied to a very limited extent.

In a novel process (Jordan U al., 1987; Tomasula et al., 1995), casein has
alsO been precipitated from milk using high-pressure carbon dioxide (CO,).
Addition of CO 2 to milk causes carbonic acid to form, which in turn, lowers
the pH of the milk. With CO 2 pressures greater than 5.2 MPa at 38°C, the
pH is reduced to about 5.4 and CO 2-casein (COrCAS) precipitates. The
pH of the curd ranges from 5.4 to 5.8, varying with CO2 pressure. CO,-CAS
has some of its micellar structure intact, which imparts a haze to films made
from this casein. A continuous process (Tomaula et aL, 1997) was also
developed to produce CO 2-CAS. It has a Ca content of approximately 1%,
is 7% soluble in water and its other properties are between those of acid
and rennet caseiii The performance of the CO 2-CAS films though is similar
to that of CaCas films.

23.2.2 Whey protein films	 p
Sweet whey, once considered a waste of the cheese making process, is now
an:important product of cheese manufacture. Using technologies such as
ultrafiltration and ion exchange, whey protein, concentrates (WPC) with
protein contents ranging from 35 to 85% and whey protein isolates (WPI)
with protein contents greater than 90% are commercially available
(Bothaillie and .Tomasula,'2008).Whey protein-based ediblefflms are
usually made from commercial WTI, though some have been made Using
WPC. Comthercial 'WPI, depending oh -manufacturing process,-is com-
prised of approximately 30% alpha Llactalbumin (LLLA) and 60%;beta
lactoglobulin (13-LG), 7% of other 'whey proteins, and small amounts of
lactose ,E ash and fat, WPIis choen over other .whe'yproductsin order to
exploit the gelling and solubilityproiertieS of 'J3-LG (Kilara and Vaghela,
2004).

The whey proteins are globular proteins, soluble over awide range of
pH, and are denatured by heat. Unlike casein, the hydrophobic, polar, and
charged amino acids are uniformly distributed over the whey protein. The
proteins fold so that most of the hydrophobic groups are buried inside the
structure. At temperatures between 67 and 82°C and pH of 7.5 (the condi-
tions important for making water insoluble whey protein films), the globu-
lar structure of 3-LG opens, exposing the free thiol group at CYS 121
(Dangaran and Krochta, 2008) and the hydrophobic groups. Polymerization
then occurs through intermolecular disulfide bonding by thiol - disulfide
interchange and thiol oxidation reactions.
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23.3 Edible films and coatings made from casein or
whey proteins

23.3.1 Edible film and coatings preparation
Edible films and coatings. are formed by simple. coacervation, complex
coacervation, or by thermal gelation or precipitation (Kester and Fennema,
1986).The performance of the films in an application depends on the con-
formation of proteins in the film, which is influenced by the composition of
the film, the solvent environment used to dissolve the protein, the influence
of the ambient environment, and the techniques used to dry and process
the films. Post-treatment of the films to modify surface texture is also used
to modify the properties of the films.

For edible film and coating applications, the proteins are dissolved in
either water or food-grade S ethanol or mixtures of the two solvents and
stirred or homogenized. The solution is placed under mild vacuum to
remove dissolved air. There are several methods available for preparing
edible films, and solvent casting is the one mostly used in laboratories. In
solvent casting, a weighed amount of the film solution, usually containing
about 2 to 10% (wlw) of protein, is pipetted into a polystyrene or fiFE
petri dish, or spread onto any other flat surface or substrate that can contain
the solution. The film preparation is then allowed to dry overnight under
ambient conditions. The dried film is then peeled from the dish or other
surface and is stored at 50% relative humidity (RH) in a dessicator at room
temperature. Thickness is measured using a micrometer at up to 10 points
across the film to determine an average film thickness. Film thickness for a
particular protein may be varied by varying the amount of solids in the
film-forming solution. For edible coatings, the protein solution is sprayed
directly onto .the food, onto other films, or used as a dipping solution:

Kozempel et at (2003) determined that the optimal concentration for
preparing edible films made from CaCAS or CO27CAS was 10% (w/w).
Surfacejension, a measure of the inward forces that must be overcome to
expand the surface area of a liquid (Whitten et at, 1992), was essentially
constant for solution concentrations in the range from 4 to 10% (wlw), then

increased rapidly with concentrations greater than 10% (w/w). Above 10%
solids, the high viscosity of the protein solution made it difficult to remove
air bubbles before casting films and entrapped bubbles, and other defects
were noted in the dried films.

The choice of substrate is also important for film casting. The film solu-
tion must uniformly spread over, or wet, the substrate and be readily
released when the film is dry (Churaev, 2003; Kozempel and Tomasula,
2004). The substrate is an environmental factor that influences the proper-
ties of the finished film; film defects and properties may be attributed to
the temperature and type of substrate (Kester and Fennema, 1986).

Few studies have examined the effects of drying techniques or param-
eters on the barrier and mechanical properties of films. Drying techniques
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may also affect the appearance , of the films (Perez-C ago and Krochta,
2000). The kinetic mechanism for ambient air-drying of films or drying of
films in a hot-air dryer proceeds in three-stages (Kbzethpel et aL, 2003). The
first drying stage is a constant rite period in which surfaèè evaporation is
the rate-controlling step. The second drying stage is a 'falling rate period in
which the solvent can no longer move to the surface of the film to saturate
the surface and diffusion begins to predominate as the rate-controlling step.
The third stage is a second falling rate period that is unlikely to be observed
graphically for thin edible films. At this stage, the evaporating surface of
the film is located deeper within the film and the film itself restricts diffu-
sion. For hot air drying of casemate films, the optimal drying temperature
for clear colorless films was 34°C. Higher temperatures led to slightly yellow
and progressively darker films.

Cast films tend to be shiny on the side that faced the substrate and matte
on the side facing the air. The barrier properties of the films appear to be
independent of the side facing the highest concentration of permeant, with
the exception of emulsion films as discussed below.

23.3.2 Plasticizers
Protein films tend to shrink and become brittle as they dry, making removal
of a single intact 

film 
from the substrate difficult. Addition of a plasticizer,

a low molecular weight compound, is required to impart flexibility to the
films. Plasticizers reduce the internal hydrogen bonding and electrostatic
interactions that operate within the protein chains and reduce the glass
transition temperature (Krochta and Dc Mulder-Johnson, 1997). They also
increase the molecular spacing in films or, in the case of low molecular
weight compounds, occupy the free volume. Proteins tend to have a large
free volume relative to that of synthetic polymers because they are less
lineaf with many amino acid side groups. Internal water also acts as a plas-
ticizer and its effects may be difficult to control because protein films are
sensitive to the RH of the environment (Coupland et aL, 2000). '

Various food-grade plasticizers have been used to impart flexibility and
elongation to edible films': Polyols such as glycerol (GLY), which is
hydrophilic, are added to the protein solution before solvèntcastiiig'or
other types of processing. GLY may also establish hydrogen bonding with
amino acid residues of casein (Tomasula et aL, 1998) and electrostatic
attraction between calcium and the hydroxyl groups of GLY is possible.
Other plasticizers that have been used in edible films are propylene glycol
(PG), polypropylene glycol (PPG), sorbitol (SOR), sucrose and various
blends of the polyols.

The choice of a plasticizer depends on its size and shape as well as its
compatibility with the protein. While plasticizers increase the flexibility of
the films, they modify their barrier and mechanical properties by decreasing
the strength of the films while increasing their permeability. Dangaran and
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Krochta (2007) demonstrated that, over time, the i plasticizer itself may
crystallize, as is the case with sucrose, and affect the properties of the film.
Addition of a crystallization inhibitor such as raffinose or lactose is neces-
sary to prevent this change in the plasticizer.

23.33 Barrier and mechanical properties of films
Water vapor permeability (WVP) and oxygen permeability (OP) are the
most commonly reported barrier properties for edible films. The mecha-
nism by which water vapor or a gas such as oxygen permeates a protein
film is assumed to occur as follows: the permeant is absorbed into the film
matrix at the high concentration side, dissolves and diffuses into the film
according to the concentration gradient, and is desorbed and evaporates
from the other side of the film. Dissolution and diffusion of the permeant
depends on the structure of the protein film matrix and the properties of
the pernieant. The structural aspects of the film such as its hydrogen
bonding, van der Waals interactions, degree of cross-linking, and crystal-
unity, as well as the amount and type of plasticizer have been implicated
(Kumins, 1965; Siew et aL, 1999; Coupland et aL, 2000). The properties of

the permeant such as its temperature, size, shape and polarity and its solu-
bility in the film are also of importance (Kester and Fennema, 1986).
Because of the many variables affecting barrier properties of edible films,
reporting of their properties requires that the thickness of the films, RH
gradient across the films, and temperature be reported as well.

For protein films, permeability is the product of the diffusion coefficient
and the solubility, and is dependant on the cross-sectional area of the film,

A, and the thickness of the film, L. The permeability, F, is defined by the

following equation (Kester and Fennema, 1986). based on Fick's First Law

of Diffusion and Henry's Law of Solubility:

P = DS = QL /(AtAp)	 [23.1]

where D is the diffusion coefficient, S is the solubility coefficient, Q is the
quantity of permeant passing through the film, and ISp is the partial pressure
difference across the film. This equation assumes that D and S are inde-
pendent of the- concentration of the permeant. For hydrophilic protein
films, the water sorption isotherms are nonlinear and anomalous effects in
film properties have been observed compared to polymer-based films. For
example, WVP has been shown to vary with the thickness of NaCAS films
but is a constant value for polymer films. McHugh et al. (1993) demon-
strated that WVP increases with increasing film thickness because of the
associated increase in RH of these films as the absorbed water vapor inter-
acts with the hydrophilic, polar films and imparts a plasticizing effect. The
amount of hydrophilic plasticizer incorporated into the film is also respon-
sible for increases in the water vapor permeability.

A model was developed by Buonocore et aL (2003) to gain insight
into the phenomena controlling water solubilization and diffusion into



596 Dairy-derived ingredients

casein—starch-based edible coatings in which solubility and diffusion proc-
esses were described separately. The model successfully fitted the experi-
mental data. ...-	 . 0-	 r-.

Water Vapor Permeability
Standard E96-95 (ASTM, 1995) is usually applied for the determination of
WVP of :films although instrument methods are also available. Most
rèeaichth apply the correction factor of McHugh et aL (1993) for
hydrophilic films, which accounts for the water vapor partial pressure gradi-
ent in the stagnant air layer of the test cups used for testing. The WVP of
several milk-based films are reporTted in Table 23.1. lngeneral,WVP of
milk protein filnis are several times greater than those of synthetic films.

A comparison of the WVP of films based on the type of protein or pla-
ticfrer used is difficult because of the variation in experimental conditions
employed to test the films and the variations in film thicknesses. Lower
WVP are apparent for the thinner films as is the case for the CaCAS GLY
and CO2—CAS: GLY films (Tomasula et at, 1998) and WVP increases with
increasing film thickness. However, the increase noted in the case of WPI
films plasticized with GLY is probably insignificant(Longares a at, 2004).
v' Instead of adding plasticizer to films to reduce the intermolecular forces
between jrotein chains, Sothornvit and Krochta (2000b) hypothesized that
uiiig WPJ with some degree of hydrolysis would increase the number of
polymer chdin end groups and the free volume and, as a consequence,
reduce tile amount of plasticizer needed. It was shown that the whey protein
niôleculárweight had little effect on WVP, and that decreasing the molecu-
lar weight increased the solubility of the films and improved their flexibility
relative to WPI films. •'

Oxygen permeability 	 . ,, .
Most milk protein films are excellent oxygen bathers, especially at low RH,
Compared to synthetic films such 

as 
low density polyethylene (LDPE) and

high density polyethylene (HDPE) and 'approach 'or equal the properties
of films such as ethylene vinyl alcohol (EVOH) and poly(vinylidene chlo-
ride) (PVDC) due to their high degree of hydrogen bonding (McHugh and
Krochta, 1994b). Even though milk protein films have relatively high WVP
which would prevent their use in many applications, their low oxygen per-
meabilities (OP) make them excellent candidates to consider for a particu-
lar oxygen barrier application or to use as part of a composite system.

Instruments are available for the determination of OP over wide ranges
of temperature, typically from 10 to 40°C and RH at 0 and from 30 to 75%.
The instruments operate according to Standard Method D-3985-95 (ASTM,
1995a). A sample of the film is clamped into a diffusion cell, is purged using
pure oxygen, and then pure oxygen is introduced to the cell. Molecules of
okygen that diffuse through the film are then sensed by an oxygen sensor.
RH probes the r also located On both sides of the film for control of RH.
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The OP of various milk protein films are listed in Table 23.2 along with
those of synthetic films for comparison. The OP is a function of plasticizer
content, type of protein, RB and temperature. Examination of the table
shows that for any given milk protein, films plasticized with SOR, which is
a solid at room temperature, are more effective oxygen barriers than films
plasticized with GLY. The improved OP of the films plasticized with SOR
may be due to the creation of impenetrable crystalline domains within the
film that lower permeability, although it was expected that the crystalline
domains would negatively affect the tensile properties (Dangaran and
Krochta, 2008). The OP of films increased with increasing amounts of

hydrophilic plasticizer.
The protein type also affects the oxygen barrier properties of the films.

Lactic acid casein and rennet films had lower OP but were tested under
different conditions from many of the other films. For films tested at 23°C
and 50% RH, CaCAS and WPI plasticized with 30% GLY have OP of 86
and 76.1, respectively, but the OP of CO 2—casein is 144 cc-pm/KPa.d.m2,
almost twice as large. OP is related to the aggregation of the protein, its
conformation due to environmental variables, and its impact on the free
volume.

Mechanical properties
The mechanical properties of milk-based films are usually reported in terms
of the tensile strength (TS), a measure of the strength of the film, and
percent elongation (%E), a measure of the distance that the film will stretch
from its initial length before breaking, or of its flexibility. The tensile prop-
erties are measured according to Standard D882-01 (ASTM, 2001) for
plastic films. Prior to measurement of IS, the milk protein based films are
conditioned at 23°C and 50% RH for at least 40 hours. Overall, the milk
protein films are strong due to the extensive intermolecular forces operat-
ing among the protein chains, but plasticizers reduce these forces and
increase protein chain mobility, which improves the flexibility of the films.
The tensile properties of milk-based films are reported in Table 23.3 and
tend to vary according to types of protein and plasticizer used and film
thickness.

In general, the TS values for most films approach those of the synthetic
films but %E are much lower. Higher TS valuei of films tend to correlate
with greater protein content. Higher %E values are desirable because the
films are more durable when handled during processing or during use by
the consumer. Addition of plasticizer weakens the milk-based films but at
the lowest values of plasticizer, 10-15% GLY, the milk protein based films
are approximately as strong as the LDPE and HDPE films. Increasing GLY
plasticizer weakens the films further but improves the %E. Whey and
casemate films plasticized with SOR are approximately as strong as those
plasticized with GLY but exhibit lower %E because the crystalline struc-
ture of SOR inhibits flexibility.
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Tensile properties are difficult to determine for milk protein films without
added plasticizer because of their brittienes; however, Schou et at (2005)
report TS for a NaCAS film without added plasticizer which surpasses that
of LDPE and HDPE films. On the other hand, %E of the NaCAS film is
only 2.1% compared to values of 500 and 300%, respectively, for the LDPE
and HDPE films.	 -

The lactic acid and rennet casein films (Chick and Ustunol, 1998), which
were made by adjusting pH to 10 using NaOH to solubilize the caseins in
water prior to film making, were plasticized with greater amounts of GLY
and SOR than for the otherjilms reported in Table 23.3. The IS of these
films plasticized with about 40% GLY are about as strong as the whey and
casein films plasticized with 30% GLY yet have %E approaching that of
the synthetic films, possibly due to the greater plasticizer content.

Little infofmation is available on the performance of individual caseins
in films. Mauer et at (2000) showed that films made from the most hydro-
phobic component of casein, -casein, demonstrated marginal improve-
ment in WVP and TS, but % E was about 250% compared to approximately
80% obtained for both CO Z-CAS and CaCAS films (Tomasula et al., 1998).
Motoki et aL (1987) made films from the hydrophilic cz, 1 -casein cross-linked
with transglutaminase. The resulting films were water insoluble but the
tensile properties were comparable to those of CO 2-CAS or CaCAS films.

Rapid drying of solvent cast films may limit the mobility of the protein
chains, preventing the development of intermolecular interactions in films
as the solvent is removed (Banker, 1966). This was demonstrated by
Alcantara a at (1998) for the drying of whey protein isolate films. Water
vapor permeabilities were lower for films dried at 95°C and 30% RH than
for films dried at 21°C and 50% RILThe films dried at 95°C were stronger
but less extensible than films dried at 21°C. Kaya and Kaya (2000) exam-
ined the effects of microwave drying on the properties of whey protein
isolate films containi

,
ng 50% WPI and 50% GLY. Drying time was reduced

to 5 minutes compared to 18 hours of drying under room conditions. TS
and %E improved by approximately 15 and 40%, respectively, with micro-
wave drying but WVP did not improve. 	 -

Aroma barrier properties and appearance of milk protein fihts
Information on the aroma barrier properties of casein films is scarce but
there are a few studies that report the aroma barrier properties of whey
protein films, such as those reported in Dangaran and Krochta (2008).

Caseinates and whey proteins form films that are transparent and glossy.
These characteristics are important for using the films as coatings or in
laminates with synthetic films. CO,-CAS films (Tomasula a at, 1998) are
nearly opaque and hazy because of the partial micellar character of the
films. Standards D523-89 (ASTM, 1989) and D4039-93 (ASTM, 1999) are
used to measure gloss and haze of films. Dangaran et aL (2006) improved
the gloss of CO2-CAS films from 55.3 gloss units to 73 gloss units by



I- N•

- .-
ON

- - - -4
Nnj

In In.0 0 .4 adN000
01100

N
4)

4)

ON4) bO
c Nr

0

.00 -
N

n
NO
F

In

NIInOON

	

- c-IN	 mccmNCl0°Cl	 - oNcoc
--c-I

nCl
o.-

'n0-O

	

- -	 -	 -

N
e? -

.	 0
I-

4)
N

4_C
00

In	 . - InON
N0U

-o
N

'a	 NN.E

1.
z d

C Cl NI Cl Cl

	

00000	 -0 coOcc cc no 00 00 0° Cl Cl r-i r-	 00 0° COOOOO
0'0'0\0C\0	 .

o 0 0 0 000 ON N N C N 0 000 0 0 Q0'00O
o c N 0.0 N N N N N tt N N N N N N N

3 2 2 23 E E	 E E	 o

t t -o '0 t'0 tt t t'0 '0 '0 '0 'o -o t 'a N
N N NC ON N N N ON N N N C N N N 0_---
N N. N N N N N N N N N N N N N N N N 0 0 0 0

0 QQOOQ00O,,O9 E N E
N 0000

QQQQUUUOU UUUF F F F

N
0

In
0
C-
E
0U

Cl

	

'0'0 0 '0 '0 '0 "t 't t	 ' 'o 0 '0 '0 0 Iifl

'C N	 -	 00000'4 t	 In 00
00 oo do doe edo cc do cc 0000000.0

InN
0

N
rnrcm

--	 ':-	 cItj 7 7 ':-J

Ve	 Clo__ommmm00

NCINN

_o	 0 a
4)0	 NO

-	 E'I
CI N N N

......
dOOOOOOOOO

cccchcN&)C/)

cc MO M, UUQUUUU6^uii^zzz uuuuo
zUUUUU

0
C

r'

0



UU
C
2
.9a)

C
0

CC
to

2Cr'

-c

. C C
CU
.0

'C
'CU
C

0

U
.- .E .
C U.0to.-.

.0-.. C•

C
0
'C
0
0.
E0

C)

Cl	 C
U

•	 0
0.

a

0-
0
C,

.2

'C

-C
C

itg -
000

o

U
II>

-

0.
'C
II

'C
.0 C

0-c
00

-2'
bouJ
110.

5E-

enCl .

•0 C -
C C
0	 C)

z ii

Q-\ o o O\

C-,
C'	 ,-'	 r'r	 •OC\	 '-'	 C,
—	 C	 C C	 -,,-.O\ C' C C C C

en '-'	 .
C\0'UUUU

0 0 0 0-

')	 C
t

CflC C C C 
C C 0000C C C

C C C c 0 E
" r5 00 C€U U. U	 0 0 0 

E

N

0
—00'Inr m	 N1	 00N	 C

en Cl C en 0 en -t I, v-i 0 'C 0 t C 00 C- - 0 000 - 00 --t rn--C--Cl Cl	 InCIn00	 en	 t 00 In
In1 —

In

hh ma

q4d s N
't r- en C' C-- 0 Cl 00- - en In N- en '.0 0 en -4- -t - Cl en '0 A I/i

en.	 Nen-

CInIn InInOC	 OC'0CC04O en 0 In 000000000 00- fl 00 en en - -4 - - en en- en - en O000..	 - - -	 -
00000000000000000000000 I I I I

In
Cl
9
In

-	 toq	 r

In	 ..-	 •

en	 r'i	 --Clenenenenen	 - -menC	 .etttiC'oenenen.enenrnenenen.mei
Cl IClCl	 enClClClClClClInClCl,-.rqCl I I I I

	

-	 -

C)

o 0000 0 0§i

0.-----	 'C
UCCCCCCCCCC
<zzzzzzzzzzoouuzSe

C)
C

00

<00

C
I
	

0
U

o
o
	

00



Using dairy ingredients to produce edible films 607

reducing the particle size of granular dry CO 2 casein from 126 pm to 111 pm.
The films were still hazy. Reducing the particle size to less than 86 pm
resulted in films that were glossy and also transparent. However, reducing
particle size decreased the TS of the films and increased WVP

The gloss and appearance properties of whey protein films are reported
in detail in Dangaran and Krochta (2008). Compared to the CO 2 casein
films, whey protein films exhibit gloss units near that of shellac (92.9).

23.4 Improvements to edible films

Although the TS and OP of milk-based edible films with added plasticizer
approach that of the synthetic films, especially at low %RFI, the low %E,
the high WVP and in some cases the high solubility of the films in water,
precludes their use in most applications. While the amount of added plas-
ticizer tends to improve the %E of the films, it also weakens the TS of the
films. Several studies have focused on improving the WVP properties of
the films by making various modifications that include the addition of lipids
and waxes, or cross-linking agents, or treatment with ultrasound and
irradiation.

23.4.1 Addition of lipids or waxes or polysaccharides
Hydrophobic lipids or waxes have been added to milk-based edible films
either by creating a stable emulsion with the lipid or forming a bilayer or
composite film with the lipid. The hydrophobic lipids or waxes do not allow
water to diffuse through them.

Introducing acetylated monoglyceride (AM) or beeswax (BW) to
NaCAS in emulsion films resulted in significant improvements in WVP
(Avena-Bustillos and Krochta, 1993) with significant reductions compared
with the casemate film. Addition of BW to CaCAS films also resulted in
significant reductions in WVP. Increasing concentrations of BW resulted in
thicker films but did not improve WVP because the wax was not dispersed
effectively. The lipid type and concentration was also found to influence
the WVP of the casemate films. BW, due to its crystalline structure was
more effective than stearic acid and AM in reducing WVP of NaCAS films.
• Addition of carnauba or candelilla waxes resulted in little improvement
of the WW of lactic acid casein-based emulsion films plasticized with SOR
(Chick and Hernandez, 2002). The WVP decreased with increasing wax
content but the reduction in WVP was low despite the added wax. The OP
of the films with the added wax was comparable to that of films without
wax, while TS improved slightly and %E was reduced. Scanning electron
microscopy showed that the wax was partially distributed within the
protein—water—SOR matrix.

Films made from an emulsion of anhydrous milk fat (AMF), comprising
10-30% of the NaCAS by weight and plasticized with GLY (25%), were
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weaker than NaCAS films without AMP, had a decreased % E, and showed
no improvement in WVP(Khwaldia a aL, 2004a). The loss of mechanical
properties of the films was attributed to a loss of continuity of the .protein
matrix because of the presence oflipid globules. At AMP levels greater
than 30%, it was hypothesized that the distribution of lipid globules with
high particle size affected the structural cohesion of the polymeric matrix
and the emulsion stability, leading to an increase in WYP and a decrease
in the film tortuosity, which increased water diffusion. Water does not
diffuse through the lipid. OP was found to decrease with increasing amounts
of AMF up to 20% and then increased again at AMF levels greater than
20%.

The additioit of darrageenans can improve the mechanical properties of
CO2-CAS films 'plasticized with GLY (20%). CO2-CAS films were blended
in a 1:1 ratio with either lambda (X-), iota (t-), or kappa (K-) carrageenan
(Unpublished data, Dangaran and Tomasula, 2007). The carrageenans did
not lower WVP, but TS increased from 13.2 MPa to 22.4-23.3 MPa with
the addition of ic-carrageenan. The TS of blends containiig the carrageen-
ans was approximately the average of the TS of the casein film and that of
the carrageenan alone. %E was significantly increased from 5.6% to 42.9%
with X-carrageenan. The improvement in %E appears to be due to the
presence of the carrageenan alone which had a %E of 40%. t- and
ic-carrageenan approximately doubled %E. DSC analysis showed that
blends of the carrageenans with the protein were miscible as indiôated by
a single peak on thermograms. The differences in charge densities of the
carrageenans compared to the proteins appear to affect their interactions.

Unlike the results for the casein films, the addition of lipids and waxes
was found to improve the WVP of whey protein films, but decreased their
tensile properties. Films made from an emulsion of WPJ and BW, and
plasticized with SOR exhibited lower WVP than the WPI films (McHugh
and Krochta, 1994a). Decreasing the lipid particle size which increased the
number of lipid particles and film tortuousity resulted in a further decrease
in WVP .and improvement in TS (Perez-Gago and Krochta; 2000) Heat
denaturation of the WPI resulted in intermolecular disulfide bonds thtough
thiol-oxidation and thiol-disulfide interchange reactions I that fürthdr
improved the WVP. Reducing the pH of the emulsion below that of the p1
of the protein caused WVP to increase due to a sharp change in viscosity
with an increase in protein aggregation, which possibly lowered the lipid
mobility and reduced the interconnectivity among the lipid droplets.

Lipid concentration and lipid type also influenced WVP of WPI films
(McHugh and Krochta, 1994c). Increasing the lipid content of the films
resulted in a downward trend in WVP for WPI films with added BW or
palmitic acid, but there was a lesser trend with stearyl alcohol. Emulsion
films comprised of WPI, lipid, and SOR exhibited a low WV? if the lipid
was a fatty acid (palniitic acid, myristic acid) or BW but was twice as high
if the lipid was stearyl alcohol, hexadecanol or tetradecanol.
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Shelihammer and Krochta (1997) determined the viscoelastic properties
of four lipids and waxes, carnauba wax, candelia wax, milkfat fraction and
BW, and showed that the viscoelastic milkfat and BW improved W\ TP in
whey films more than carnauba or candelia waxes. The milkfat and BW
deform to a greater extent during drying to form an intact lipid network
due to their more plastic nature. 	 -	 +

In order to enhance or reduce lipid deformability and the ability to yield
an internal interconnecting lipid network in the films, Perez-Gago and
Krochta (2000) dried WPI films in an emulsion with either BW, anhydrous
milkfat fraction, or candelilla wax. Significantly lower WVP was observed
for films dried at 80°C and 40% RH compared to films dried at 25 or 40°C
and 40% RH. The mechanical properties of the films were not modified by
the drying temperature.

23.4.2 Cross-linking of milk protein films
For synthetic polymers, cross-linking is used to decrease polymer chain
mobility to increase resistance to vapor and gas transport (Kumins, 1965),
by joining two or more functional groups of the polymer by a covalent
bond. pH adjustment, ionic cross-linking, through the introduction of
calcium ion, and cross-linking using heating, y-irradiation or food grade
enzymes have been explored to improve the mechanical and barrier proper-
ties of edible films. 	

t

pH treatment
The WVP of NaCAS films, soaked for 1 minute in sodium acetate, sodium
ascorbate or calcium ascorbate buffers, and adjusted to pH 4.6 or soaked
for 1 minute in calcium chloride solution and then adjusted to pH 9.6, was
reduced by approximately 40% (Avena-Bustillos and Krochta, 1993). The
WVP was lowered possibly due to increased protein—protein interaction,
as indicated by the decreased film thickness of the treated films.

y-irradiation1
Treatnient of solutions of NaCAS and CaCAS, with or without added
GLY, by y-irradiation formed edible films with improved mechanical prop-
erties, such as puncture strength and puncture deformation (Brault et aL,

1997). y-irradiation results in the formation of bityrosine, a covalently
bound biphenol, produced by the reaction of two tyrosyl radicals or a
tyrosyl radical plus a tyrosine molecule. GLY increased the formation of
cross-links within protein chains and was found to improve the mechanical
strength and film flexibility. The greatest effects of irradiation dose on the
mechanical properties of the films occurred at CLI :caseinate ratios of 1:2
and 2:3, leading to branching of polypeptide chains to form a 3-D network.
The addition of CaCl 2 to CaCAS solution was found to facilitate a reduction
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in the salt bridges and electrostatic bonds facilitating the formation of bity-
rosine during irradiation. Gels were formed at irradiation doses greater
than 16 kGy (Ressouany et at, 1998).

Vachon et at (2000) combined thermal treatment and y-irradiation and
showed that the molecular weight of CaCAS increased; the mechanical
strength of the films increased and solubility of the films in water decreased.
WPI did not show similar behavior because cross-links were not generated
due to the low tyrosine content of the protein. However, WPI could be
substituted for CaCAS in films, resulting in an increase of the puncture
strength of the treated films. y-irradiation may induce more intermolecular
interactions and the formation of inter- and/or intra-molecular covalent
cross-links in the film-forming solutions (Ouattara a at, 2002). A reduction
in WVP from 2.07 (unirradiated) to 1.38 g mm/m' dlmm Hg (irradiated)
was noted for CaCAS-WPJ films in the ratio of 25:75.

Transglutami.nase
Transglutaminase (TGase) is a food-grade enzyme that uses the acyl-
transferase mechanism, in the presence of Ca ion, to catalyze the transfer
of gamma-carboxyaMide (acyl donor) of a peptide-bound glutamine residue
to the gamma-amine (ac9l acceptor) of lysine residues along protein chains
(Mahmoud and Saveilo, 1992). Intramolecular and intermolecular c-('Y-
glutaminyi)lysine cross-links are generated when the s-primary amine of
1ysinis bound to a gldtmine-containing protein. It was shown to effec-
tively cross-link whey-based formulations containing a modified whey
powder (35% protein) (Aboumahmoud and Savello, 1990) and decrease
the solubility of 1:1 mixtures of a-LA and -LG with added GLY in buffers
at various pH and temperature (Mahmoud and Savello,1992). The films
•Sveje proteas1edigestible (Mahmoud and Savello, 1993).

The additido of TGase to WPI films, plasticized with Gil (Yildirim and
Hettidiaêhch r, 1998), did not imjrove WVP compared to the control, pos-
sibl' due to the creáti6nof'additional, or an increase in size of, existing
pores. TS increased frdm3.64 MPa for the untreated whey protein film to
12.53 MPa.

The globular nature of the whey proteins, especially -LG, prevents
cross-linking by TGase, except if denatured. Cross-linking is further, limited
by the formation of non-covalent aggregates between calcium and j3-LG,
induced by electrostatic interaction (Faergemand et at, 1998). Sharma a at
(2001) determined the susceptibility to cross-linking by TGase of the indi-
vidual milk proteins in skim milk. In both heated and unheated milk, there
was a reduction in the monomeric forms of ic- and 3-caseins, indicating that
these proteins were most susceptible to TGase-induced cross-linking. Only
preheated 3-LG was susceptible to the same amount of cross-linking as
a-LA, preheated or not. Nieuwenhuizen et at (2004) demonstrated the
modification of the lysine and glutamine residues in native 3-LG to improve
the accessibility of the residues to reaction with TGase under nonreducing



Using dairy ingredients to produce edible films 611

and nondenaturing conditions, with a possible application for the creation
of novel foods.

In another study, Sharma ci at (2002) showed that commercial a-LA
was susceptible to more cross-linking by Toase than that from the study
by Aboumahmoud and Savello (1990). Reduction of disulfide bonds in the
commercial protein was found to be unnecessary because structural modi-
fications of the protein occurred during manufacture exposing available
sites for TGasc reaction.

Chambi and Grosso (2006) cross-linked NaCAS, gelatin, and mixtures
of the two, using TGase to produce edible films that showed improvement
in the mechanical and barrier properties of the films, depending on the ratio
of casein to gelatin in the film. The films contained 25 g GLY/iQO g protein.
TS of the NaCAS (-12 MPa), gelatin film(-36 MPa) and of the casemate-
gelatin films, which increased with increasing gelatin content, were not
significantly different from that of the untreated films. On the other hand,
% E of the untreated films increased from 9% for NaCAS film to a maximum
value (-27%) at caseinate:gelatin ratios of 75:25 and 50:50, and then
decreased to -9% for the gelatin film. With TGase treatment, %E of the
NaCAS film approximately doubled while that of the gelatin film was not
significantly different. The greatest increase in %E was noted for blends
containing 75:25 casemate: gelatin, showing % E of 56.59% compared to
a value of 27.2% for the untreated film. This film also showed an anomalous
decrease in WVP with TGase treatment, while the others showed increases
in WVP. It was concluded that cross-linking may have increased the pro-
portion of hydrophobic segments on the surface of the film, which are
mostly provided from the NaCAS, thus leading to a lower WVP.

O'Connell and de Kruif (2003) showed that TGase treatment at either
0 or 35°C affects the association behavior of 13-casein . TG appeared to
freeze the miceilization process, indicating that the associative state of

-casein should be considered prior to treatment with the enzyme. The
changes appeared to be due to charge modification. This finding may be of
interest in the design of future experiments involving edible films.

Building on the observations that . ultra-high temperature (UHT) treat-
ment of milk seemed to produce a more open, looser casein micelle struc-
ture,Bonisch etal. (2004) heated NaCAS solutions to 140°C and immediately
cooled them using ice water. The UHT-treated NaCAS solutions and con-
trols were then treated with TGase. TGase treatment of NaCAS resulted
in a degree of protein polymerization of about 40% after 90 min compared
to 60% for TOase treatment ofNaCAS that was heated at 140°C for 20 5.

This finding may have application in the development of stronger films with

improved WW.

Tyrosinase
While the caseins are more susceptible to cross-linking using TGase than
the whey proteins, mushroom tyrosinase (E.C.1.14.1.8.1), a polyphenol

-
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oxidase, has been shown to be an effective cross-linking agent for the whey
proteins, a-LA and j3-LG (Thalman and Lotzbeyer, 2002), but its ability to
improve the mechaniéal and barrier properties of dairy-based films has not
yet been reported. Tyrosinase first induces the formation of o-quinones in
the preence of low molecular weight (MW) phenolic compounds or from
the tyrosine residues. The low MW compounds, such as caffeic or chloro-
genie acid, act as a substrate for the cross-linking process and are oxidized
to the o-quinone structure. The o-quinones may then interact with each
other or react with amino and sulphydryl groups or pyrrolidine side chains
of the proteins (Thalman and Lotzbeyer, 2002; Seo et aL, 2003; Lantto
et al., 2005). a-LA and -LG polymers with a MW greater than 300 kDa
were produced from the proteins with initial MW of 14kDa and 18 kDa,
respectively, 'after treatment with tyrosinase (Thalman and Lotzbeyer,
2002). For a-LA, addition of caffeic acid was not necessary but increasing
temperatures up to 50°C alone resulted in polymers with molecular weight
greater than 300; The polymerization of 13-LO required use of an external
phenolic source (Thalnian and Lotzbeyer, 2002). Onwulata and Tomasula
(2008) used tyrosinase to investigate the gelling properties of microparticu-
lated WPJ and CaCAS slurries in the presence of alginic acid. Stable gels
were obtained with increasing amounts of tyrosinase. While the gels were
designed • as replacements for carbohydrates in low-fat foods, the slurries
have potential as filths.

Genipin	 -
Genipin, obtained from the iridoid glucoside, geniposide, present in the
fruit of Gdrdifiia jasminoides Ellis, is another natural cross-linking agent
which has potential use in - improving the mechanical and barrier properties
of casein and whey protein films. However, it characteristically gives a deep
blue color to primary amino acids, such as the lysine residues of proteins.
Bigi et al. (2002) showed that the extensibility, the swelling properties, and
the enthalpy of denaturation, of gelatin films cross-linked with genipin were
similar to that using glutaraldehyde but showed ajreater thermal stability.
The mechanical properties and stability of chitosan and chitosan blend films
in water were also improved when cross-linked. with genipin, suggesting
potential applications in biomaterials (Jin et at, 2004). Under basic condi-
tions, genipin undergoes a ring-opening polymerization prior to cross-
linking with chitosan. The crosslinked bridge consists of polymerized
genipin macromers or oligomers (7-88 monomer units) (Mi et at, 2005).
Under acidic or neutral conditions, genipin reacts with the primary amino
groups on chitosan to form heterocyclic amines. The heterocyclic amines
are further associated to form cross-linked networks with short chains of
dimer, trimer, and tetramer bridges.

Preliminary work in our laboratory to investigate the use of genipin for
improving the properties of CO2—CAS, CaCAS, and whey protein films,
shows that reaction of the proteins with genipin is favored under neutral
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and basic conditions, the solubility of the films in water is decreased and
TS increases.	 -

Other treatments
Banerjee et at (1996) demonstrated that ultrasound treatment of NaCAS
and WPC solutions with a 1:2 ratio of GLY:protein improved the TS of
the films compared to controls. However, WVP and %E were not affected.
Ultrasound may have created greater molecular order in the films, enabling
greater inter-molecular attraction, and therefore enhanced TS. WPC films
showed smaller particle and lipid droplet sizes, which may also have enabled
greater molecular attraction.

23.5 Milk proteins in composite films
Paper is the most commonly used packaging material and it is coated with
wax or laminated to synthetic films or aluminum foil to improve its resist-
ance to moisture, oil or grease, and to give oxygen barrier properties.
Researchers have tested the properties of edible milk protein-based films
in composite structures with the intention of placing the edible film side of
the composite in contact with the food and to facilitate composting or
recycling.

WPI solutions containing GLY spread on pulp paper improved the print-
ability of the paper (Han and Krochta, 1999). WVP of the paper was also
improved because WPI impregnated the porous paper structure, but this
also increased the maximum amount of water absorbed by the paper.
However, the WPI did not significantlychange the mechanical and optical
properties of the paper (Han and Krochta, 2001) and paper coated with
18 g/m2 of WPI demonstrated increased oil resistance. Both denatured and
native WPI showed grease barrier properties similar to that of commercial
polyvinyl alcohol and fluorocarbon coatings and were highly impermeable
to grease penetration after four hours when coated on paperboard (Chan
and Krochta, 2001). Lin and Krochta (2003) found similar results for
WPC-80 coatings on paperboard. Using sucrose as a plasticizer, the grease
resistance properties of WPC-80 were retained after ambient storage and
during extended testing times of 16 hours.

The oxygen barrier ptoperties of WP1 with various plasticizers have been
exploited to create a laminated structure with polypropylene (PP). An
important consideration in designing a laminate structure is the surface
energy of the synthetic polymer and surface tensions of the liquids and their
contact angle when coating synthetic substrates with the protein formula-
tions (Hong et at., 2004). Non-polar PP was first treated with corona dis-
charge to improve its adherence to the WPJ coating. OP of the laminated
PP films was reduced 4-fold at 40°C with the addition of a WPJ : GLY
coating at 50% RH. OP of the laminated films was sensitive to RH and
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increased significantly with RH in the range from 30-85% range, approach-
ing that of the uncoated PP film at 80% RH (Hong and Krochta, 2003). In
another study (Hong and Krochta, 2006), OP was significantly reduced
using either WPI or WPC coating at 40°C and 50% RH on both PE and
PP laminates. OP of the PP laminates were significantly lower than that of
the PE laminates due to differences in the intrinsic characteristics of the
base films. Excellent OP properties were noted for both laminates at low
to intermediate RH. WPI, plasticized with GLY, PEG, SOR or sucrose,
and coated onto PP films resulted in films with TS of up to 70 MPa and
%.E as high as 135%.

The mechanical and WVP properties of edible films containing a whey
powder and NaCAS mixture, with whey powder as the principal compo-
nent, were improved when laminated to corn-zein based films (Cho et aL,
2002); however, %E was significantly reduced. Whey powder, containing
0.11 g protein/g powder is significantly less expensive thaii WPC or WPJ.
Addition of stearic acid to the corn-zein layer resulted in a reduced WVP
compared to the whey-caseinate film.

A study conducted to determine the mechanical and WVP properties of
blends or bilayers of NaCAS—pullulan films plasticized with SOR (Kristo
and Biliaderis, 2006; Kristo a aL,2007) showed that varying the ratio of the
polymers changed the mechanical properties of the film but not WVP.
Increasing the pullulan content decreased TS and increased %E, showing
that, the pullulan imparts flexibility and NaCAS stiffness to the films.
Application of BW improved the WVP of the films.

23.6 Modifying the properties of edible films
through processing

Most of the studies to determine the properties of edible milk protein films
and coatings have been conducted on films prepared through solvent casting
on the laboratory-scale. Larger scale production is needed to produce
samples for applications studies.

There are several examples in the patent literature for the production
of casein films using extrusion methods. However, little information is
provided on the mechanical and barrier properties of these films. Kozempel
and Tomasula (2004) developed a continuous solvent casting process to
make casein films from CaCAS or COrCAS. Hot air drying was used in
the process. The mechanical properties of the films were similar to those
made on the laboratory-scale. Nonfat dry milk was substituted for up to
20% of the CaCAS or COZ—CAS content with no loss in physical
properties.

Casein films have also been made through the wet-spinning process. In
this method, acid casein is extruded with water and sodium hydroxide
to form sodium caseinate, discharged into a coagulating bath, and then
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collected on a roller (Frinault etal., 1997). Because of the chemicals used
in the bath to harden the casein films, the films were rendered inedible.
However, the films had low solubility in water, WVP was approximately
1.40 g-mmlm 2 hkPa,TS was 4.5 MPa and %E was 68.6%, greater than that
reported for solvent cast films, which may be due to shearing effects of
extrusion on the molecular structure of casein.

MUller-Buschbaum et al. (2006) prepared casein films using a spin-
coating technique, a method that is used to prepare thin and ultrathin films
from synthetic polymers, on base-treated glass surfaces. The glass surfaces
were treated to assure wetability of the casein solution. Films dried in less
than 30 s and the moderate pressures introduced by spin-coating force the
micelles to rearrange into a more compact structure. This method is still in
the experimental stages but has potential for the preparation of advanced
coatings of casein in laminate structures or on foods.

Sheets made by compression molding of WPI:GLY mixtures were corn-
pared to solvent cast films having the same concentration of WPJ and GLY
(Sothornvit et at, 2003, 2007). Operating temperature and pressure of the
process did not affect the mechanical properties of the films but increasing
amounts of GLY resulted in films with decreased 1'S and no change in %E.
Compression molded films had higher WVP than solvent cast films because
the compression molded films demonstrated less protein cross-linking, were
thicker and were more soluble in water.

Dangaran and Krochta (2008) report details of extrusion studies which
demonstrate that extrusion operating conditions provide sufficient heat-
denaturing and cross-linking to produce transparent, flexible whey protein
sheets with improved tensile properties relative to cast films. Fernandez-
izquierdo a at (2008) showed that extruded WPI plasticized with GLY had
tensile properties comparable to solvent oast and compression molded films
but exhibited greater %E. A WPI film containing 50% GLY had a %E of
132% compared with 68% for a solvent cast WPI film containing 55%
GLY. It was concluded that extrusion created a greater alignment of the
polymer molecules in the machine direction as the sheets exited the
extruder. Onwulata ci al. (2003, 2006) and Tunick and Onwulata (2006)
have demonstrated that shearing of the protein from the extrusion process
leads to creation of aligned whey protein polymers.

23.7 Potential Applications

The film-forming properties of casein have long been exploited in non-food
applications (Audic et al., 2003). While research on investigation of the
mechanical and barrier properties of casein and whey proteins is active,
research lags on applications of casein and whey films in food packaging
and preservation, to improve the appearance and quality of foods, and as
a barrier layer in packaging systems.
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Some of the potential applications of casein and whey films and coatings
as moisture and gas barriers for fresh fruits and vegetables, meats, cereals,
nuts and frozen foods are reported by Khwaldia et at (2004) and Vargas
et at (2008). A more recent.review on applications of whey protein based
films and coatings includes nuts and peanuts, eggs, confectionary products,
meat product, fruits and vegetables (Dangaran and Krochta, 2008). Yildirim
and Hettiarachchy (1998) suggested that . TGase-cross-linked .WPI films
could be used as a wrapping to prevent quality changes in products such as
meat pies and high-moisture cakes requiring films 'permeable to water
vapor. However, the addition of milk-based films and coatings to fresh
fruits and vegetables -would require additional labeling on the package to
alert consumers with milk allergies, intolerances, religious-based dietary
restrictions,, or who maintain a vegetarian lifestyle (Gennadios, 2004).
Limiting applications to dairy-based applications, such as films and coatings
for cheese, or fresh, baked and frozen products expected to be consumed
with or. to contain milk-based proteins is a more logical approach and
applications research should focus on these types of products (Albert and
Mittal, 2002; Guillard et at, 2003; Schou et at, 2005). Casein films have also
been explored as tablet coatings (Abu Diak et al., 2007).

Recent research efforts have focused on the development of active whey
protein films for packaging applications. Active packaging interacts directly
with a food or headspace of the product (Ozdemir and Floras, 2004). Whey-
based films alone have the advantage of being able to be in direct contact
with food and in active packaging systems could contain additional flavors,
natural oxygen scavengers and antimicrobials (Lee a al., 2008; Dangaran
and Krochta, 2008). Cagri a at (2004) have reviewed the various types of
protein-based and lipid-based edible films and a wide range of antimicrobial
agents that could be used or are currently used to enhance the safety and
shelf-life of ready-to-eat foods. 	 , .	 -

Huppertz and de Kruif; (2008) demonstrated the creation of stable
nanogel particles by cross-linking all caseins within the casein micelle using
TGase from which all micellar calcium, phosphate: can be removed. The
particles may have applications in the encapsulation of minerals, .vitamins
and pharmaceuticals, as well as to add flavors, additives and other compo:
nents to foods.

23.8 Future trends

Current milk-protein based research efforts on edible films arose from the
need to utilize surplus dairy proteins and was directed to improving the
mechanical and barrier properties of films made with these proteins. This
research needs to continue, especially for applications research, but more
attention needs to be directed to structuring the films through consideration
of the conformation of the protein in the film-forming solution as affected by
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environmental variables (Lent a at, 1998;. Anker a al., 2000; Farrell et at,

2003a, 2003b; O'Connell and de Kruif, 2003; Lefèvre et at, 2005; Lencki,
2005; Oi, 2007). Just as importantly, future research needs to extend to the
production of the films on a large-scale basis with pilot-plant scale equipment
used by the food industry to produce large quantities of the films for food
applications and shelf-life studies. Little is known about the endurance of the
films during refrigeration, freezing, baking and microwaving. Cast films may
have immediate application as reinforcements of foil packaging and for food
protection; e.g. to reinforce the foil lids of dairy food containers while pro-
tecting the contents, or to protect entrees in microwaveable meals. Little is
known about the heat-sealing properties of the films.

The impact of processing on the mechanical and barrier properties of
the films also needs to be established. Some work has been done to date
using a continuous process, compression molding, injection molding and
extrusion. These techniqueshave been shown to improve the mechanical
properties of the films. However, the proteins are heat sensitive which can
cause color and sensory changes; this needs to be addressed. Wet spinning
is another area that deserves more attention, possibly investigating the use
of tyrosinase, TUase, genipin and other natural cross-linkers as replace-
ments for the chemicals typically used in the process.

Coatings of foods with milk-based coatings on a commercial basis may
be easier to achieve than film production at the present time. Techniques
used by the food industry to coat foods, such as panning, fluidized bed
coating, spray coating, and dipping, require little modification for use with
edible milk-based coating solutions. However, research is still needed to
establish operation parameters and processing protocols for each food
product.

The use of milk-based -films as part of multilayered packaging systems
has not yet begun in earnest. However, this may prove to be the best outlet
for edible films and coatings. Research has demonstrated that application
of. milk-based protein films to synthetic packaging improves the oxygen
barrier properties of the film significantly. Milk-based films have the poten-
tial-to reduce the amount of synthetic films or aluminum foil S used, and
facilitate biodegradability (Li and Chen, 2000; de Vlieger, 2003) However,
research is needed to determine compatible film systems, the stability of
the protein film layer in contact with the food, and resistance to microbial
degradation as a function of shelf-life, for example. While costs are part of
the drivers for selection of a packaging system, the costs of synthetic films
are rising. Kozempel a aL (2003) have estimated that the hot-air drying
costs for a 0.23 mm milk-protein film are $0.26/in 2, assuming a 10% initial
solids concentration in the film-forming solution. In addition, industry has
incorporated sustainability of their operations as part of their business plan-
ning, and is committed to reducing packaging.

Research is also scarce on the creation of new blended films made from
synthetic film material, or the biodegradable polylactic acid (PLA), with
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milk-based proteins and other materials. The blends would reduce the use
of the synthetic feedstock. Prototype cups (not films) made in our labora-
tory contained up to 25% WPI as a replacement for some of the PLA and
PE material. Information on the properties of synthetic films that should
be targeted in blends is found in texts such as Massey (2003).

Research on the use of nanoparticles to strengthen edible milk protein
films for multi-layer packaging options is currently underway in our labora-
tory and is an unexplored area. Inclusion of nanoparticles such as montmo-
rillonite clay or calcium phosphate may improve the handling of the films
for manufacturing. Inclusion of whey (Bonnaillie and Tomasula, 2008) or
casein fractions, pending commercial availability, may have similar impact
by imparting their individual functionality to film properties.

23.9 Sources of further information and advice

The use of films or coatings made from proteins and other biobased materi-
als has been the subject of many review articles and book chapters (Kester
and Fennema, 1986; Guilbert, 1986; Chen, 1995; Krochta and De Mulder-
Johnson, 1997; Debeaufort et aL, 1998; Korhonen, 2002; Tharanathan, 2003;
Gennadios, 2004; Dangaran and Krochta, 2008).

General information on edible films, coatings, and applications in com-
mercial use may be found at several vendor websites. Examples include:
Watson, Inc., a manufacturer of edible films http://www.watson-inc.com/
film_edible.php.; Ascona Ingredients Ltd, http://www.ediblefilms.com ;
a manufacturer of' edible films, and Mantrose-Haeuser, http://www.
mbzgroup.com, another manufacturer of edible films and coatings. Several
use USDA/ARS technology and that developed by other research institu-
tions in the field. Another website providing information on edible films is
that sponsored by the California Dairy Research Board, http://www.edible-
films.org. Information on commercial packaging useis found at industry
websites such as http://www.packworld.com  and http:f/www.innoviafilms.
com. General information on new commercial developments in the dairy
foods area may be found at http://wvcdair'foods.com. The above list is
not meant to be exhaustive.	 A	 1.1 t

New research on milk protein edible films and other edible filmiis pub-
lished in The Journal of Food and Agricultural Food Chemistry, the Journal
of Food Science, and the Journal of Dairy Science. Use of search engines
and software for publishing and managing bibliographies will yield most, if
not all, research conducted to date on milk protein edible films not included
in this chapter, as well as patents and information on films for non-food
use. Research is also presented at annual meetings of the American
Chemical Society (ACS), the American Institute of Chemical Engineers
(AICHE), the Institute of Food Technologists (11717), the American Dairy
Science Association (ADSA), as well as at International meetings such as
that held by the International Dairy Federation (IDF).
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